• Comprehensively profiled matsoni fermentation microbiota across Armenia and Georgia.
Microbial biogeography of the transnational fermented milk matsoni
lactis subsp. cremoris, Geotrichum candidum, Saccharomyces, Candida, and other species of yeasts (Saroukhanian, 1960 , Yerzinkian, 1965 , Yerzinkian, 1971 , TerGhazarian, 1993 , Afrikian, 2009 , Afrikian, 2012 , Quero et al., 2014 , Uchida et al., 2007 , Reddy et al., 1986 , Merabishvili and Chanishvili, 2001 ). Other bacteria, including Lactobacillus helveticus, Lactobacillus paracasei, and Leuconostoc lactis are also involved in some fermentations (Quero et al., 2014) . This inconsistent bacterial composition has led some to conclude that the bacterial diversity of matsoni fermentations may be influenced by region of production (Uchida et al., 2007 , Afrikian, 2009 , Afrikian, 2012 . Such biogeographical patterns have been described previously in other food fermentations (Bokulich and Mills, 2013a , Bokulich et al., 2014b and may explain regional differences in matsoni product qualities, but a comprehensive survey of regional matsoni fermentations has yet to be described. The effect of milk type on microbial composition is similarly uncharacterized in matsoni or similar dairy products.
The goal of this study was to better characterize how production region and milk type shape the bacterial and fungal constitution of matsonis in Armenia and Georgia. We used high-throughput amplicon sequencing as a culture-independent surveillance tool to characterize regional and milk-derived patterns in the bacterial and yeast populations of matsoni. Results indicate that regional and substrate-driven conditions shape the bacterial and fungal consortia of matsoni fermentations, and indicate that matsonis are a diverse source of microbial cultures for dairy fermentations.
Methods

Sample collection
Samples were collected aseptically on-site at the farms or production facilities producing matsoni, or at local markets, and transported on ice to the laboratory for immediate processing. A total of 194 samples were collected from different sites within 18 distinct regions in Georgia, Armenia, and Nagorno Karabakh (Fig. 1 
Data analysis
Raw fastq files were demultiplexed, quality-filtered, and analyzed using QIIME v.1.8.0 (Caporaso et al., 2010b) . The 250-bp reads were truncated at any site of more than three sequential bases receiving a quality score <Q10, and any read containing ambiguous base calls or barcode/primer errors were discarded, as were reads with <75% (of total read length) consecutive high-quality base calls (Bokulich et al., 2013b) .
Reverse primer sequences were trimmed from the ends of ITS sequences following demultiplexing. Operational taxonomic units (OTUs) were clustered at 97% identity using the QIIME subsampled reference OTU-picking pipeline using UCLUST-ref (Edgar, 2010) against either the Greengenes 16S rRNA gene database (May 2013 release) (McDonald et al., 2012) or the UNITE fungal ITS database (Abarenkov et al., 2010 , Koljalg et al., 2005 , modified as described previously (Bokulich and Mills, 2013b) .
OTUs were classified taxonomically against these same databases using RDP classifier (Wang et al., 2007) . Any OTU comprising less than 0.01% of total sequences for each run were removed prior to further analysis (Bokulich et al., 2013b) . Bacterial 16S rRNA gene sequences were aligned using PyNAST (Caporaso et al., 2010a) against a reference alignment of the Greengenes core set (McDonald et al., 2012) . From this alignment, chimeric sequences were identified and removed using ChimeraSlayer (Haas et al., 2011 ) and a phylogenic tree was generated from the filtered alignment using FastTree (Price et al., 2010) . Sequences failing alignment or identified as chimera were removed prior to downstream analysis.
Beta-diversity (between-sample community dissimilarity) estimates were calculated within Phyloseq (McMurdie and Holmes, 2013) using weighted UniFrac (Lozupone and Knight, 2005) distance between samples for bacterial 16S rRNA reads (evenly sampled at 1500 sequences per sample) and Bray-Curtis dissimilarity for fungal ITS reads (evenly sampled at 100 reads per sample). Non-metric multidimensional scaling (NMDS) coordinates were computed from the resulting distance matrices to compress dimensionality into two-dimensional NMDS plots, enabling visualization of sample relationships. In order to determine whether regional factors (country, region, or district of production) or substrate factors (milk type or starter type) related to differences in phylogenetic or OTU diversity, permutational MANOVA (Anderson, 2001) with 999
permutations was used to test the null hypothesis that sample groups were not statistically significant. For all classifications rejecting this null hypothesis, a KruskalWallis test was used to determine which taxa differed significantly (with Bonferroni error correction) between sample groups.
Results
Finished matsoni fermentation samples were collected from 194 locations spanning 18 distinct regions in Georgia, Armenia, and Nagorno Karabakh (Fig. 1 , Table 1 ). Regional variation was assessed across three different geographic scales: between countries (including Nagorno Karabakh as a separate entity), between production regions, and between individual administrative districts. The effects of ingredients on microbial composition were also tested, comparing matsonis produced from different milks (cow, goat, buffalo, sheep) and different starter cultures (i.e., inoculated with matsoni made from one of these four milks). As we expected a high degree of interaction between regional factors and ingredients, the data were dissected to test individual factors in isolation within single geographic units and within individual milk types.
Marker-gene sequencing revealed a complex relationship between regional and substrate-driven (i.e., source milk and starter type) factors and the microbial consortia of matsoni fermentations. Country, region, and district of production all influenced microbial communitycomposition across all samples, within individual countries and regions, and within individual milk types (Table 2) . Source milk and starter type also impacted diversity across all countries, within individual regions, and within individual districts.
However, these effects were not universally observed and some regions and milks displayed more homogeneous bacterial or fungal diversity than others. In particular, sheep milk fermentations and Georgian samples exhibited fewer patterns related to production region, milk type, and starter type. The complex interactions between regional factors and ingredients are apparent using Non-metric Multidimensional Scaling (NMDS) to visualize how these factors affected microbial community similarity at multiple geographical scales and within different types of matsoni (Fig. 2) . Comparing all samples, matsonis from Georgia and NagornoKarabakh are separated by NMDS, but Armenian samples bridge both clusters;
individual regions within each country are more highly differentiated ( Fig. 2A) . Regional variation is even clearer when comparing matsonis from individual milk types (Fig. 2B-D ), highlighting production region as a salient factor driving the microbial composition of matsoni fermentations and suggesting that milk type also contributes. Milk type did not significantly alter microbial diversity across all samples (Table 2) and does not explain sample ordination by NMDS (data not shown). However, matsonis segregate by milk type within smaller geographic scales, e.g., within Armenia, Nagorno Karabakh, and individual production regions (Fig. 2E-G) . In most of these cases, regional factors still explain sample ordination to a greater degree (e.g., Armenian samples cluster by production region), but sub-clusters based on milk type are apparent within many of these regional divisions (Fig. 2E-G) . In some cases, starter culture type (i.e., inoculated with finished cow matsoni, goat matsoni, or matsoni made from another milk type) exerted a greater effect on microbial composition than milk type, such as in Tavush (a region of Armenia) where samples clearly cluster by starter type rather than milk type (Fig. 2H ). Fig. 2 . Matsoni microbial communities vary by region, starter, and milk type. Non-metric multidimensional scaling plots of bacterial and fungal communities across different sample subsets. Each pair of panels depicts non-metric multidimensional scaling plots of bacterial (left panels) and fungal communities (right panels) within sample subsets. The title above each twin panel indicates the sample subset, followed by the metadata categories used to determine the color and shape of each point, respectively, in the following format: (subset): (color category) × (shape category). Individual samples are represented by a single point, and the proximity between points indicates the degree of similarity between those samples. In the plots comparing production regions (left-hand side of figure), regional variation is observed as clusters of samples from different regions (colors); the separation of these clusters indicates that the microbial communities within the samples identify this region (or regions) from other, disparate clusters. In the plots comparing substrates (milk and starter types) within sub-regions (right-hand side of the figure), samples cluster by milk type, starter type, or sub-clusters explained by milk type are apparent within the regional clusters (e.g., the Armenia and Kotayk plots).
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Across regions and milk types, marker-gene sequencing detected similar bacterial compositions. Most samples were dominated by Lactobacillus and Streptococcus species (>80% combined relative abundance) with minor populations of other bacteria (Fig. 3) . Lactococcus and Enterococcus species were prevalent secondary populations observed in many samples. Pseudomonas, Rummeliibacillus, Enterobacteriaceae, Erwinia, Wautersiella,and Yersinia were also frequently observed. Fig. 3 . Microbial composition of matsoni fermentations. Bar plots indicate the average relative abundances of bacteria (left) and fungi (right) in matsoni fermentations from different production regions, milk types, and starter types within the Armenian region of Tavush. Only taxa detected at 1% or more average abundance in at least one sample subset are shown. The length of each bar represents the average relative abundance of that taxon in the designated sample subset; empty space represents the sum of other species detected at less than 1% average abundance in all sample subsets. NK = Nagorno Karabakh.
Yeast populations exhibited greater variation between samples (Fig. 3) . Kluyveromycesmarxianus and Saccharomyces cerevisiae displayed the greatest average abundance across all samples. Some samples were clearly dominated by other yeasts, often distinguishing individual regions and milk types. Many of these microbial populations were differentially abundant between milk types and especially between regional zones, becoming defining features of certain local matsonis (Fig. 4) . Most Firmicutes (including Lactobacillales), Actinobacteria, Enterobacteriaceae, and other bacterial clades were differentially abundant between countries, regions, and districts at multiple geographic scales and in different milk types. Buffalo and goat milks exhibited a particularly large number of regionally defining taxa, whereas regional cow and sheep matsonis had fewer defining features. Fig. 4 . Microbial populations exhibit regional and substrate-driven patterns of abundance. Heat map indicates which bacteria and fungi are differentially abundant between production regions and substrate types across various sample subsets, according to Kruskal-Wallis tests. Microbes are ordered along rows according to taxonomic affiliation (as indicated by the taxonomic dendrogram). Category comparisons between regions and substrates are ordered by column, as are the sample subsets in which these comparisons were made, as indicated below. Bonferronicorrected Kruskal-Wallis P values for each organism × comparison are indicated at the intersections between each row and column. Only organisms with at least one significant interaction are shown. 
Discussion
Matsoni is an interesting case study for food biogeography, as fermentation is still performed by inoculating milk with portions of previous fermentations instead of using defined starter cultures. Hence, locally unique cultures likely establish and persist, potentially lending to the regional character of this transnational product. Matsoni fermentation microbiota exhibit a large degree of biodiversity, influenced by both geography and milk type. The basic techniques for producing matsoni are highly similar in all areas but the combination of local ingredients, local techniques, and microbial biogeography inherent across these regions distinguish individual source locations.
These findings explain the noted inconsistencies between earlier surveys of matsoni bacteria (Uchida et al., 2007) . Matsoni fermentations are not conducted by one standardized culture, but instead display a large degree of heterogeneity, linked to the source milk and production region. Several core taxa dominated most matsoni fermentations -Lactobacillus spp., Streptococcus spp., and K. marxianus -but other taxa are present and distinguish matsonis of unique provenance. The bacterial profiles, consisting predominantly of a mixture of Lactobacillus and Streptococcus species, are similar to other yogurt-type fermentations, though the minor bacterial taxa (e.g., Enterococcus, Pseudomonas, Enterobacteriaceae) are not typical. Another factor that distinguishes matsonis from other yogurts is that the fermentations contain large populations of yeasts. K. marxianus was the most common, dominant yeast observed, followed by S. cerevisiae and C. famata. K. lactis was dominant in some Georgian samples -particularly from Shida Kartli -while L. elongisporus, C.
albicans, and C. zeylanoides were prevalent in matsonis from various regions of Armenia. Yeasts, including species of Kluyveromyces, Saccharomyces, and Candida, can significantly alter the sensory profiles of dairy products through the production of alcohols, organic acids, CO2, and proteolytic and lipolytic activities, distinguishing yeastfermented products from other thermophilic dairy fermentations (Roostita and Fleet, 1996 , Fleet, 1990 , Wouters et al., 2002 . These behaviors may explain many of the unique characteristics of regional matsonis, including effervescence and fruity and yeasty flavors. However, more work must be done to examine the role of these cultures in flavor production during matsoni fermentation and storage. The biodiversity of matsoni contributes to the rich variety of flavors and textures typical of different matsonis (Quero et al., 2014) , and may be a valuable source to mine for dairy starter cultures (Wouters et al., 2002) .
Milk variety also shapes matsoni microbiota, though the effect is most apparent within defined geographical scales (e.g., within a single production region). It is unclear whether these microbiota are influenced by milk chemistry, animal-associated microbiota, or other factors, and to what degree these effects reflect site-specific differences. Although some villages purvey matsonis from different milk types, these different animals may be raised on different farms, leading to differences in both local microbial inputs, as well as differences in milk handling. Milks from different animal species or breeds can contain widely different contents of fat, protein, lactose and other sugars, oligosaccharides, and other macronutrients, as well as lactoferrin, immunoglobulin, and other antimicrobial compounds (Jensen, 1995 , Peterson et al., 2013 . Milk composition could thus influence fermentation microbiota in matsoni or other dairy fermentations. Further studies are needed to assess what role milk chemistry may play in driving fermentation microbiota.
More work is needed to understand several aspects of microbial activity in matsoni production. Seasonal variation in ingredients can influence the microbiota of dairy fermentations (Wullschleger et al., 2013) , potentially explaining variation between batches of matsoni (Quero et al., 2014) . Repeated sampling of matsoni fermentations at multiple individual sites will clarify the effect of seasonal variation on matsoni microbiota.
The equipment and production environment in which matsonis are made could be important vectors for microbial transmission between batches, similar to other foods (Bokulich and Mills, 2013a , Bokulich et al., 2014a , Bokulich et al., 2013a , De Filippis et al., 2013 , Studying the production environment in matsoni production sites will be important to understand how processing areas contribute to the biogeographical diversity of matsoni fermentations. Finally, the influence of the microbiota on matsoni sensory properties is poorly described, particularly for low-abundance microbiota and yeasts. Thus, it is currently unknown whether regional biogeography of matsoni microbiota is actually related to the regional flavor characteristics of different matsoni fermentations. Even the dominant yeasts in these matsoni fermentations have undetermined roles that deserve better characterization for their utility in these thermophilic dairy fermentations.
This study describes the first complete culture-independent survey of matsoni bacteria, yeasts, and other fungi in a range of milk types throughout Armenia and Georgia.
Results demonstrate that matsoni microbiota are shaped by region of production and milk type, indicating that the traditional method of serial inoculation preserves the transfer of unique regional microbiota from batch to batch. This survey will enable more detailed capture and characterization of specific microbiota detected within these fermentations. CrossRef View Record in Scopus Fleet, 1990 
